Graphical abstract Introduction
Regulatory T (Treg) cells expressing the transcription factor Foxp3 play an essential role in controlling autoimmunity and maintain immunological tolerance in mouse and man (Josefowicz et al., 2012) . Treg cells are present in secondary lymphoid organs, peripheral blood and in non-lymphoid organs, most prominently at barrier sites including skin, lung, gastrointestinal tract and liver. Under inflammatory conditions, however, Treg cells can be recruited to inflammatory insult sites throughout the body. In addition to secondary lymphoid organs, Treg cells can exert their suppressor function in non-lymphoid tissues as evidenced by specific tissue lesions in mice with selectively impaired Treg cell migration (Sather et al., 2007) .
Suppression of distinct types of inflammatory responses by Treg cells is tailored by their
sensing of cytokines and other cues resulting in activation of some of the same transcription factors involved in elaboration of pro-inflammatory effector responses (Chaudhry and Rudensky, 2013) . Besides sensing distinct types of inflammation, Treg cells residing in nonlymphoid organs can sense unknown tissue cues and exhibit distinct features. Treg cells have also been found in increased numbers in diverse experimental mouse tumors and in human cancers (Nishikawa and Sakaguchi, 2014; Roychoudhuri et al., 2015) . While breast carcinomas have not traditionally been considered immunogenic, evidence of tumor infiltrating lymphocytes and their subset composition paralleling disease progression suggest that the underlying interactions of these tumors with immune cells are important (DeNardo and Coussens, 2007) . Specifically, the clinical relevance of tumor infiltrating T cells has been intensively studied (Coussens and Pollard, 2011 ). An increased ratio of CD4 + to CD8 + T cells correlates with lymph node metastases and reduced overall survival (Chin et al., 1992) . Increased presence of Treg cells in breast tumor biopsies is associated with an invasive phenotype and diminished relapse-free as well as overall survival (Bates et al., 2006; Bohling and Allison, 2008; Ohara et al., 2009) .
It is thought that Treg cells can facilitate tumor growth and metastasis based on the observed regression of established tumors in experimental models of Treg cell depletion ( Joshi et al., 2015; Klages et al., 2010; Pastille et al., 2014; Teng et al., 2010) . Transient ablation of Treg cells results in marked reductions in primary and metastatic tumor growth in a poorly immunogenic, oncogene-driven model of mammary carcinoma (Bos et al., 2013) . Despite the potential major importance of Treg cells in tumor progression and metastasis and their role as therapeutic targets as established by mouse studies, the properties of Treg cells present in human tumors remain largely unknown. Specifically, it is not clear whether the tumor environment imprints distinct transcriptional and functional features upon Treg cells or whether these cells are similar to activated Treg cells found in corresponding normal tissues or in the peripheral blood.
To address these questions, we explored the functional and transcriptional properties of Treg cells present in breast carcinomas from a large cohort of newly diagnosed patients using flow cytometric and RNA-seq analysis and compared them to peripheral blood or normal breast parenchyma (NBP) resident Treg cells. Our analyses indicated that tumor and normal tissue resident Treg cells exhibit largely shared transcriptional features, distinct from those of activated Treg cells in peripheral blood. Nevertheless, tumor resident Treg cells exhibit increased expression of genes involved in cell activation and cytokine and chemokine signaling including highly augmented expression of chemokine receptor CCR8. CCR8 was also highly expressed by Treg cells present in a number of other cancer types. Analysis of breast cancer gene expression datasets revealed a strong association of CCR8 mRNA amounts normalized to Foxp3, but not Foxp3 mRNA amounts alone, with poor prognosis, implicating highly activated CCR8 expressing Treg cells in breast cancer progression. These findings provide rationale for the therapeutic targeting of Treg cells through a CCR8 depleting antibody in breast cancer, where CTLA-4 and PD-1 focused checkpoint blockade has met limited success so far.
RESULTS

Breast Tumors Have an Increased Presence of Treg Cells
Treg cells variably infiltrate human breast cancers and their frequency in the tumor microenvironment has clinical significance (Demir et al., 2013; Kim et al., 2014; Liu et al., 2011; Liu et al., 2014) . To determine the composition of T cell subsets resident in primary human breast tumors we evaluated tissue resident lymphocytes from tumors, NBP, and lymphocytes from peripheral blood by multi-color flow cytometry. The tissue samples were immediately procured from operative specimens of treatment-naïve patients undergoing surgery for primary breast cancer (Table S1 ). NBP resident cells were isolated from patients undergoing prophylactic mastectomies with no radiographic evidence of disease. Blood samples were from patients undergoing surgery as well as from buffy coats from healthy donors. The frequency of Treg cells among all tumor-infiltrating leukocytes varied widely (Fig. 1D) . As compared to NBP and peripheral blood, tumor resident T cell populations exhibited a distinct prevalence and distribution of T cell subsets with an increased abundance of Foxp3 + Treg cells (Fig. 1A) . This pattern was observed in multiple patients as evidenced by increased percentage of Treg cells within both CD4 + and total CD3 + T cell populations as well as by a markedly decreased ratio of cytotoxic CD8 + T cells to Treg cells (Fig. 1B) . Furthermore, we found that the ratio of CD4 + to CD8 + T cells was markedly different between tumor and NBP with NBP having a greater proportion of CD8 + T cells (Fig. 1C) . Our finding was consistent with previously reported analysis of freshly isolated lymphocytes from a small set of normal and malignant breast tissue samples (Ruffell et al., 2012) . It is noteworthy that we observed near perfect correlation of high amounts of Foxp3 with high CD25 expression in tumor and NBP resident Treg cells with no detectable Foxp3 found in CD8 + or CD4 + Tconv cells. This enabled highly efficient fractionation of tumor associated Treg and non-Treg cells based on CD25 expression. Our results suggest that the T cell composition in the human tumor microenvironment is distinct from tissue and favors a more immunoregulatory phenotype.
More Aggressive Breast Cancers are Enriched for Treg Cells
To explore whether any particular clinical correlates were associated with heightened presence of Treg cells, we analyzed the distribution of T cell subsets among the clinically defined surrogates for the molecular subtypes of breast cancer including estrogen receptor positive (ER + ), Her2 amplified (Her2 + ), and triple negative breast cancer (TNBC). In addition, we utilized histologic grade as a variable to gain further insight into the relationship between T cell composition and tumor biology. We found that TNBC had a higher proportion of CD4 + T cells than the other subtypes of breast cancer and that Treg cells were particularly prominent in TNBC ( Fig. 2A) . Although CD4 + to CD8 + T cell ratio alone could not distinguish between tumors of low to high histologic grade, an increased frequency of Treg cells correlated with higher grade tumors ( Fig. 2A) . Further analysis of tumor infiltrating Treg cells for expression of a cell division associated marker Ki67 revealed that higher-grade tumors were characterized by higher Treg cell proliferative activity. However, the latter did not correlate with biologic subtype (Fig. 2B) . Notably, Treg cells were markedly more proliferative than either conventional CD4 + or CD8 + T cells in breast tumors and NBP and Treg cells isolated from breast tumors were more proliferative than Treg cells isolated from NBP (Fig. 3A) . A comparison of expression of CTLA-4 and CD25, two known markers indicative of Treg cell activation, between breast tumor, NBP and peripheral blood Treg and Tconv cells also revealed that tumor resident Treg cells exhibited an activated phenotype consistent with their increased proliferative activity (Fig. 3B) . Previous studies of human Treg cells isolated from autoimmune lesions suggested that these tissue resident Treg cells exhibit impaired in vitro suppressor capacity raising questions as to whether tumor resident Treg cells are capable of suppression. Thus, we isolated Treg cells from breast cancers and assessed their ability to suppress proliferation of naive peripheral blood CD4 + T cells isolated from buffy coats. We found that in agreement with their observed activated phenotype, CD25 hi CD4 + Treg cells isolated from breast tumors were also strongly suppressive (Fig. 3C) . Thus, more advanced grades of different types of breast cancer and the more aggressive TNBC type are associated with a heightened presence of activated Treg cells with potent suppressor function.
Shared and Distinct Features of Breast Tumor and Normal Parenchyma Resident Treg Cells
Next, we sought to explore whether the tumor microenvironment imparts distinct features on Treg cells and on effector CD4 + T (Tconv) cells. Alternatively, it was possible that the transcriptional features of these cell subsets in the tumor resembled those in NBP or in peripheral blood. Thus, we employed RNA-seq analysis to assess genome-wide gene expression features of purified CD25 hi CD4 + Treg and effector CD25 − CD4 + T cells isolated from breast tumors and from NBP. Activated CD45RO + Treg cells and Tconv cells were isolated from buffy coats to match the activated phenotype of the corresponding cell subsets found in the tumor and NBP. The gene expression patterns of tumor resident Treg and Tconv cells were very similar to those of NBP resident Treg and Tconv cells, respectively, but distinct from those of the corresponding activated or memory T cell cells isolated from peripheral blood (Fig. 4A -C, Table S2, S3). Thus, residence in a non-lymphoid tissue, regardless of whether it is healthy or has undergone oncogenic transformation, serves as a major determinant of gene expression characteristics of tumor and tissular Treg and Tconv cells.
The observation that breast tumor and tissue Treg cells and breast tumor and tissue Tconv cells were transcriptionally very similar led us to ask whether Treg and Tconv populations in breast tumors are largely shaped by local expansions of pre-existing tissue-resident cells. It was also conceivable that Treg and Tconv cells are recruited into the tumor from draining lymph nodes or peripheral blood and subsequently undergo phenotypic changes in response to the local environment. Thirdly, it was possible that local conversion of Tconv cells into Treg cells within breast tumors largely contribute to the increased presence of Treg cells in breast tumors as compared to NBP. To distinguish between these possibilities, T cell receptor (TCR) beta CDR3 sequences were extracted from the RNA-seq data using MiXCR software . Comparative analysis of TCR repertoires of peripheral blood and tumoral Treg and CD4 + T cells was performed to determine their overlaps within individual patients using VDJtools software . These analyses revealed low TCR repertoire overlap between normal tissue and tumor Treg cell subsets, suggesting that local expansion of tissue-resident Treg cells was unlikely the primary origin of intratumoral Treg cells (Fig. 5A ). Low TCR repertoire overlap between intratumoral Treg and Tconv cells, which was comparable to that between Treg and Tconv cells in NBP, argued against prominent conversion of Tconv to Treg cells within tumors (Fig. 5A) . Furthermore, both normal tissue and tumor Treg subsets contained large expanded clones, similarly to the activated CD45RO + but not to the resting CD45RA + peripheral blood Treg cells (Fig. 5B) . These results were consistent with the possibility that the majority of Treg cells in breast tumors were recruited from the periphery where their features were affected by the local environment.
Gene ontology (GO) analysis of differentially expressed genes showed that tumor resident Treg cells, when compared to activated Treg cells from peripheral blood, were enriched for cytokine signaling, defense response, inflammatory response and lymphocyte activation categories, among others ( Fig. 4D left panel) . The gene expression pattern of tumor resident Tconv cells was enriched for a type I interferon signaling gene signature ( Fig. 4E left panel) . Notably, many chemokine receptors, including CCR5, CCR8, CCR10, CX3CR1, CXCR3 and CXCR6 were robustly and differentially expressed by tumor resident Treg cells at the mRNA and protein levels. Other chemokine receptors, such as CCR4, were highly expressed by both tumor and peripheral blood Treg cells, or were downregulated in tumor resident Treg cells at the mRNA and protein level (CCR7 and CCR9). The wide array of chemokine receptors and cytokine receptors expressed by intratumoral Treg cells suggests that these cells are able to respond to a variety of local factors. As in Treg cells, certain chemokine receptors, such as CCR5, CCR2, CXCR3 and CXCR6 were highly expressed by tumor Tconv cells at the mRNA and protein level. Certain chemokine receptors, such as CCR8, were found to be highly expressed by tumor Treg cells and were much less abundant in Tconv cells, while others, were more abundant in Tconv cells, suggesting that Treg and Tconv cells may rely on both unique and shared pathways to guide their migration to, and retention within the breast tumor environment (Fig. 4B ,C left panels, Fig. S1 ).
Several genes and their products known to be upregulated upon Treg cell activation and associated with increased suppressor function were more highly expressed by Treg cells in breast tumors when compared to peripheral blood Treg cells. These included CD39 (ENTPD1), CD25 (IL2RA), ST2 (IL1RL1), and Epstein-Barr Virus Induced 3 (EBI3). We also found that intratumoral Treg cells exhibited heightened expression of interleukin 1 receptor type II (IL1R2), encoding a decoy IL-1 receptor (Fig. 4A ,B left panels). Of these genes, a subset was more highly expressed by Treg cells in tumor as compared to NBP resident Treg cells, including EBI3, OX40 and IL1R2. Likewise, several genes encoding proteins implicated in T cell effector function were differentially expressed by Tconv cells isolated from breast tumors when compared to peripheral blood Tconv cells (Pearce et al., 2003) . These include the transcription factor eomesodermin (EOMES), and several genes encoding effector molecules, including granzyme K (GZMK), and interferon-γ (IFNG). Certain genes associated with T cell exhaustion in Tconv cells, PDCD1, TIGIT and TIM3, were differentially expressed by tumor Tconv when compared to those in peripheral blood.
In addition, we found several genes not previously associated with Treg cells or T cells differentially and robustly expressed by tumor Treg cells including melanoma antigen family H1 gene (MAGEH1) and CD177. MAGEH1 belongs to the Type II MAGE protein family, whose are expressed in multiple types of tissues and may act as a E3 ubiquitin ligase, which may regulate Treg cell function or survival within tumors (Doyle et al., 2010) . CD177 is a receptor for PECAM1, expressed by a subset of human and mouse neutrophils and implicated in neutrophil extravasation and potentially survival (Xie et al., 2015) . CD177 was highly expressed by a subset of intratumoral Treg cells representing 10-50% of total Treg cells in individual tumor samples. In contrast, markedly fewer Treg cells found in NBP expressed CD177 and in lower amounts than those found in tumors (Fig. S1A) . Furthermore, our flow cytometric studies showed increased CD177 expression by Treg cells in lung cancer, colorectal cancer and melanoma (Fig. S2 ). To further examine whether CD177 expression marks a distinct subset of intratumoral Treg cells, we performed RNA-seq analyses of flow cytometry purified CD177 + and CD177 − CD25 hi CD4 + Treg cells isolated from five breast tumors. CD177 + and CD177 − tumor Treg cells were transcriptionally similar to each other (Fig. S3A, Table S4 ). Furthermore, no correlation was found between the proportion of Treg cells that are CD177 + and histologic grade, nodal status, or biologic subtype (data not shown). However, analysis of TCR beta CDR3 repertoires extracted from RNA-seq data revealed that CD177 + Treg cells contained large clonal expansions that were not prominent in the CD177 − populations (Fig. S3B ). These observations suggest that CD177 expression is induced in a subset of Treg cells in response to strong TCR stimulation and a yet to be identified accessory signal.
We identified CCR8 as the most robustly and differentially expressed chemokine receptor in breast tumor resident Treg cells as compared to peripheral blood Treg cells or Tconv cells found in either peripheral blood or breast tumors (Fig. 4A,B) . Flow cytometric analyses showed that at a protein level, CCR8 was differentially expressed by the entire tumorresident Treg cell population (Fig. S1A ). In contrast, CCR2, which was highly and differentially expressed by intratumoral Treg cells when compared to peripheral blood Treg cells, was equivalently expressed by intratumoral Tconv cells at the protein level (Fig. S1B) . Similarly, CCR5, which was differentially expressed by tumor Treg cells, was also highly expressed by a subset of intratumoral Tconv cells and by the majority of intratumoral CD8 T cells (Fig S1B) . The robust and differential expression of CCR8 by intratumoral Treg cells provides an opportunity for selective depletion of Treg cells as an immunotherapeutic approach for the treatment of breast cancer.
CCR8 is Expressed by Intratumoral Treg Cells
To assess CCR8 protein expression by diverse types of hematopoietic and nonhematopoietic cells present within the tumor, dissociated tumor cell preparations were analyzed by flow cytometry. We found that CCR8 is expressed exclusively by CD45 + cells, and that within all CD45 + cells CCR8 is largely expressed by Foxp3 + Treg cells ( Fig. 6A ; data not shown). Further analyses showed that in addition to robust expression by tumorresident Treg cells and approximately 50% lower expression by Treg cells residing in the NBP, ~ 50% of intratumoral natural killer T (NKT) cells expressed high amounts of CCR8, whereas NK cells, CD8 + , γδT cells, myeloid cells and the bulk of CD4 + Tconv cells found in the tumor, NBP and peripheral blood did not (Fig. 6B,C) . Although human cord blood NKT cells have been reported to express CCR8, we did not observe any staining in peripheral blood NKT cells (data not shown, Harner et al., 2011) . To assess whether CCR8 expression on tumor resident Treg cells is unique to breast cancer or a general feature of Treg cells present in solid tumors of diverse tissue origin, we analyzed tumor-infiltrating T cells by flow cytometry and found that CCR8 was more highly expressed by Treg cells than Tconv cells in several types of cancer, including lung and colorectal cancer, in melanoma and in angiosarcoma ( Fig. 6D ; data not shown). Analysis of axillary lymph nodes from three patients with nodal metastases from breast cancer revealed a minor subset of Treg cells expressing CCR8 (Fig. S4 ). These CCR8 + Treg cells may be cells that were poised to migrate into or recently emigrated out of the breast tumor or may represent Treg cells that were residing within the nodal metastases.
CCR8 Ligand CCL1 is Expressed by Intratumoral Myeloid Cells
Since the ability of Treg cells to migrate to a specific tissue is essential for their capacity to suppress inflammation, we sought to assess the expression and cellular source of the two known cognate CCR8 ligands, CCL1 and CCL18, in breast tumors (Roos et al., 1997) . First, analysis of the Cancer Genome Atlas (TCGA) breast cancer dataset, which includes whole tumor RNA-seq data and clinical correlates for over 1000 patients (Cancer Genome Atlas, 2012) showed that CCL1 mRNA amounts were markedly higher in breast, lung, colorectal and melanoma tumors as compared to adjacent normal tissue (Fig. S5A) . To identify cell types producing CCR8 ligands in breast tumors we performed RNA-seq analysis of CD11b + CD14 + myeloid cells isolated from breast tumors and peripheral blood and found that both CCL1 and CCL18 mRNAs were differentially expressed by intratumoral myeloid cells (Fig. S5B, Table S5 ). To further substantiate these results and to expand our analysis to additional cell subsets we performed CCL1 qPCR on purified fibroblasts, endothelial cells and myeloid cells isolated from breast tumors and found heightened CCL1 and CCL18 mRNA expression by myeloid cells, but not by other cell types analyzed (Fig. S5C) .
We next sought to determine the functionality of CCR8 expressed by tumor infiltrating Treg cells by testing their chemotactic response to CCL1. We found that CD25 hi CD4 + Treg cells flow cytometry sorted from breast tumors were capable of migrating more robustly than CD25 − CD4 + Tconv cells towards CCL1 mediated chemotactic cues (Fig. 6E) . To determine whether CCR8 signaling can markedly alter Treg cell suppressor function, the ability of purified intratumoral Treg cells to suppress in vitro proliferative responses of naïve CD4 + T cells upon TCR cross-linking was assessed in the presence of CCL1. We found that CCR8 ligand provision had no appreciable effect on the suppressive capacity of Treg cells (Fig.  S6 ).
To test whether the breast tumor environment has the ability to potentiate CCR8 cexpression in Treg cells, we stimulated CCR8-negative peripheral blood Treg cells with CD3 and CD28 antibodies upon co-culture with tumor or NBP explants separated by a diffusible membrane. We found that stimulation of "naïve" Treg cells isolated from buffy coats in the presence of tumor explants strongly induced CCR8, while Treg cells activated in the presence of NBP or alone induced CCR8 to a much lesser degree (Fig. 6F) . Treg cells cultured with tumor or NBP explants without activation failed to induce CCR8. These data suggest that components of the tumor microenvironment may lead to the induction of CCR8 on Treg in tumors or tumor draining lymph nodes and may contribute to the retention of Treg cells within tumors. The strong type I interferon signature in intratumoral T cells led us to test whether type I interferon signaling is able to induce CCR8 on peripheral blood Treg cells. We found that activation of Treg cells in presence of IFN-α inhibited the modest induction of CCR8 upon Treg cell activation (data not shown).
High CCR8 Expression Marks Highly Activated and Proliferative Tumor Treg Cells and Is Associated with Poor Survival
To determine whether CCR8 expression by tumor infiltrating Treg cells has clinical relevance we correlated the expression of CCR8 on Treg cells with available clinicopathologic correlatives of breast cancer outcomes in our patient samples. We found that CCR8 expression on tumor infiltrating Treg cells assessed by flow cytometry did not vary based on the biologic subtype of breast cancer, but that high CCR8 expression on tumor-resident Treg cells was associated with higher-grade tumors (Fig. 7A , data not shown). Several functional Treg cell activation markers, including CTLA-4, CD25 and Foxp3, were more highly expressed by CCR8 high tumor Treg cells (Fig. 7B) . Consistent with a requirement of Treg cell activation for induction of CCR8 expression in tumor explant cocultures, we found CCR8 expression correlated strongly with tumor Treg cell proliferative activity assessed by Ki67 staining (Fig. 7C-E) .
Since high CCR8 expression on tumor resident Treg cells was associated with higher-grade tumors in the analyzed cohort of patients, we sought to determine whether CCR8 expression by Treg cells in breast cancer correlated with disease prognosis. As CCR8 was expressed almost exclusively by Foxp3 + Treg cells in the analyzed cohort of patients, we turned to the TCGA breast cancer dataset. We first sought to determine whether CCR8 expression correlated with Foxp3 expression in this large cohort of patients. We found a strong positive correlation between normalized CCR8 and Foxp3 mRNA amounts (Fig. 7F) . Furthermore, we found that CCR8 and Foxp3 mRNA amounts were markedly higher in breast tumors than in patient-matched adjacent NBP, in full agreement with our observation that breast tumors contain a higher density of Treg cells than NBP (Fig. 7G) . When breast cancer patients were stratified into two distinct groups based on median CCR8/Foxp3 mRNA ratio, a high CCR8/ Foxp3 mRNA ratio was significantly associated with decreased overall survival (OS) and disease-free survival (DFS, Fig. 7I ). To determine if CCR8 to Foxp3 mRNA ratio is an independent prognostic factor for survival after taking into account other clinical variables, we performed multivariate survival analyses. We found that CCR8/FOXP3 mRNA ratio was no longer associated with OS after adjusting for age, stage, and subtype (data not shown). This is not unexpected as we found subtype strongly associated with CCR8 to FOXP3 mRNA ratio and also with OS. Notably, when patients were stratified into two groups based on median Foxp3 mRNA amount alone, a high Foxp3 mRNA amount was not associated with worse survival outcome (Fig. 7H ). Since CCR2, CCR4, CCR5 mRNAs are also highly expressed by tumor Treg cells, we assessed whether expression of these chemokine receptors in breast tumors was associated with survival. We found a strong positive correlation between normalized CCR2, CCR4 or CCR5 and Foxp3 mRNA amounts, but when patients were stratified into two groups based on median chemokine receptor/Foxp3 mRNA ratio, a high chemokine receptor/Foxp3 mRNA was not associated with worse survival outcome in any case (Fig. S7) . Similarly, when patients were stratified into two groups based on median mRNA amount of CCR2, CCR4 or CCR5 alone, high chemokine receptor expression was not associated with worse survival outcome (data not shown). Interpretation of this result is complicated due to expression of these chemokine receptors by other cell types. In summary, high CCR8 expression by Treg cells may mark a subset of highly activated and suppressive cells, which, when present in breast tumors, is associated with decreased survival. These results implicate activated CCR8 expressing Treg cells in the pathogenesis of human breast cancer.
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DISCUSSION
The presence of Treg cells in the tumor microenvironment has recently emerged as a characteristic feature of human tumors including breast carcinomas (Gobert et al., 2009; Hossain et al., 2013; Senovilla et al., 2012; Shang et al., 2015) . Here, through the analysis of primary tumors surgically removed from over 100 treatment-naïve patients, we found that Treg cells were abundant in human breast cancers as compared to normal breast parenchyma and peripheral blood. In addition their frequency is increased in the more aggressive triplenegative subset of breast cancers and also correlates with higher-grade lesions across all subsets. These findings support the notion that Treg cells can directly contribute to the natural progression of cancer rather than accumulating merely as an indirect consequence of other mechanisms underlying cancer progression.
Studies in mice have revealed that tissue-resident Treg cells differ from their counterparts residing in the secondary lymphoid organs (Burzyn et al., 2013 (Levine et al., 2014) . We also found chemokine signaling and cell migration as a major single category of genes enriched in intratumoral Treg cells. Treg cell expression of homing receptors defines distinct populations that can direct migration to a range of tissues or sites of inflammation (Huehn et al., 2004) . Trafficking receptors and molecules that have been reported to be expressed by Treg populations found in non-lymphoid and inflamed tissues include CCR2, CCR4, CCR5, CCR6, CCR8, CCR9, CCR10, CXCR3, several integrins, selectin ligands and GPCRs (Campbell, 2015) . Coordinated expression of these receptors and ligands enables the homing of Treg cells to non-lymphoid organs and may contribute to other aspects of Treg cell function (Lee et al., 2007) . Characterization of homing receptors expressed by Treg and effector T cells within tumors may help shift the effector to suppressor cell balance. This has been demonstrated experimentally for CCR4, whose ligands CCL17 and/or CCL22 can be expressed by tumor cells or tumor associated myeloid cells (Curiel et al., 2004; Faget et al., 2011; Sugiyama et al., 2013) .
It is unlikely that targeting a single chemokine receptor will mitigate the migration or retention of Treg cells in the tumor microenvironment as there is considerable overlapping functionality and promiscuity of ligand binding between the different chemokine receptors. The differential expression of chemokine receptors between Treg cells and T effector cells, however, raises the opportunity to develop selective depletion strategies (Ueda, 2015) . Although we found that CCR4 was highly expressed by activated Treg cells in peripheral blood, normal breast tissue and breast tumors, it was also present on activated effector CD4 + T cells, albeit in somewhat lower amounts. Accordingly, diminution in both Treg and effector CD4 + T cells was observed in patients treated with a CCR4 depleting antibody (Kurose et al., 2015) (G.P. and A.R., unpublished observations). High expression of CCR8, facilitated by yet to be identified factors present in the tumor environment, was a unique feature of intratumoral Treg cells with markedly lower amounts observed in normal breast tissue resident Treg cells and negligible expression by Treg cells in peripheral blood. Importantly, CCR8 was not found on effector αβT, NK and γδT cells, and myeloid cells in the tumor with the exception of CCR8 expression by ~50% of NKT cells. The biologic importance of high CCR8 expression by intratumoral Treg cells in breast cancer was strongly suggested by the observed correlation of high CCR8/Foxp3 mRNA expression ratio in 1000 tumor samples with markedly decreased disease free and overall survival whereas high Foxp3 expression alone failed to reach statistical significance. While CCR8 represents a promising means, by which to selectively deplete Treg cells in the tumor microenvironment with likely less efficient depletion in normal tissue secondary to the different expression amounts, the role of CCR8 on Treg cell function remains unclear.
Another noteworthy finding was high expression of CD177, another cell adhesion and migration related protein, by a subset of intratumoral Treg cells in breast cancer patients as well as in lung cancer and melanoma (Fig. S1 ). CD177 is a glycosyl-phosphatidylinositol (GPI)-linked cell surface glycoprotein expressed by neutrophils that has not been previously linked to T cells. Although the biological role of CD177 expression by Treg cells restricted to human tumors remains to be explored, it is reasonable to assume that CD177 likely enables interactions of the positive Treg cell subset with its ligand PECAM-1 and may endow these cells with distinct functionality.
In conclusion, our studies show that the tissue of residence, i.e. normal breast parenchyma, rather than tumor environment itself largely defines distinct properties of intratumoral Treg cells. Nevertheless, breast tumor-resident Treg cells exhibited few distinct features including high amounts of chemokine receptor CCR8. The latter was also expressed by Treg cells in diverse cancers of mesenchymal and epithelial origin, including melanoma, lung and colorectal cancer, and angiosarcoma. High CCR8/Foxp3 mRNA ratio, but not high Foxp3 amount alone correlated with poor prognosis suggesting that CCR8 expression by Treg cells likely plays a role in breast cancer progression either by itself or by marking highly activated pathogenic intra-tumoral Treg cells. Our results suggest that CCR8 may serve as a promising target for cancer immunotherapy.
EXPERIMENTAL PROCEDURES Human Samples
Samples were collected from 105 adult treatment-naïve women undergoing surgery for primary breast cancer after informed consent and approval from the Institutional Review Board (IRB) at MSKCC. The clinical characteristics of the patients are shown in Table S1 . NBP was obtained from patients undergoing contralateral prophylactic mastectomies. Peripheral blood mononuclear cells (PBMCs) were obtained from patients prior to their surgical procedures and from buffy coats obtained from the New York Blood Center (NYBC).
Flow Cytometry and Cell Isolation
Lymphocytes form tumor and normal tissues were isolated by mincing the freshly obtained surgical specimens and subsequent enzymatic digestion using Liberase TL (Sigma) for 20 minutes at 37°C. After passing through a 100 μm filter cells were washed twice with PBS prior to staining. PBMC were first enriched for CD4 T cells through negative selection with RosetteSep antibody cocktails (Stem Cell Technologies). Lymphocytes were stained at 1 x 10 6 cells per ml for 20 minutes. Definitions used for cell sorting were for conventional CD4 + 
Transcriptional Profiling
RNA sequencing and data processing is described in detail in the Supplemental Experimental Procedures.
In vitro Assays
For in vitro suppression assays, naive CD4 + T cells were isolated from PBMC using the human naïve CD4 + T cell isolation kit II (Miltenyi) and cultured with graded numbers of CD4 + CD25 hi T reg cells flow cytometry-sorted from breast tumors on 96-well round-bottom plates pre-coated with CD3 and CD28 antibodies in RPMI1640 supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 1 mM sodium pyruvate, 10 mM HEPES, 2 × 10 −5 M 2-mercaptoethanol, 100 U ml −1 penicillin, and 100 mg ml −1 streptomycin for 80 h. 
Statistical Analysis
GraphPad Prism was used for statistical analysis to compare outcomes using a two-tailed unpaired Student's t test; significance was set to p < 0.05 and represented as *< 0.05, **< 0.01, ***< 0.001, and **** < 0.0001. Error bars show SEM. For TCGA whole tumor and patient-matched NBP gene expression comparisons, a two-tailed paired Student's t test was used.
Accession Numbers
The accession number for the sequencing data reported in this paper is GSE89225.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Table S1 . (D, E) Gene Set enrichment analysis was performed using the GOrilla bioinformatics tool for significantly up-regulated genes in tumor Treg cells relative to peripheral blood Treg cells on left or NBP Treg cells on right (p-value<0.05, mean normalized read count>50) as the target gene set and all genes expressed in the RNA-seq data as the background set (expressed genes are defined as genes with mean normalized read count>20). Please also see Figure S1 , S2. Treg cells. Data represent 3 independent experiments; error bars represent SEM; *p<0.05; **p<0.01, ***p<0.001, ns non significant (unpaired two-tailed Student's T test). Please also see Figure S4 , S5, S6. (F) Correlation of CCR8 and FOXP3 normalized mRNA expression in the TCGA breast cancer dataset (Spearman's r 2 =0.80, n=1024). mRNA normalization was estimated by the TCGA using the RSEM (RNA-seq by expectation maximization) method. (G) Boxplots comparing CCR8, FOXP3 or CCR8 to FOXP3 ration normalized mRNA amount in breast tumors versus adjacent NBP. Data represent the analysis of 111 individual patients; *p<0.05; **p<0.01, ***p<0.001, ****p<0.0001, ns non significant (paired twotailed Student's T test).
